ABSTRACT: Apoptosis, or programmed cell death, has been reported as being pivotal in infectious diseases of different organisms. The effects of apoptosis on the progression and transmission of the protistan parasites Perkinsus marinus and Haplosporidium nelsoni in the eastern oyster Crassostrea virginica were studied. Oysters were diagnosed for their respective infections by standard methods, and apoptosis was detected using in situ hybridization to detect DNA fragments by end labeling on paraffin sections. A digoxigenin nucleotide probe was used to label the 200 bp fragment produced by apoptosis and detected immunohistochemically using an antidigoxigenin peroxidase conjugate. The probe/DNA fragment complex was stained with a peroxidase substrate and tissues were counterstained with methyl green. Uninfected oysters had large numbers of apoptotic hemocytes present in the connective tissue underlying the stomach, gill, and mantle epithelia, whereas oysters infected with P. marinus had a reduced number of apoptotic hemocytes. The parasite may prevent hemocyte apoptosis in order to yield a greater number of hemocytes in which to house itself. Large numbers of P. marinus cells in some infected oysters were eliminated via apoptosis in the stomach epithelia, disabling the spread of infectious particles through seawater. The oysters infected with H. nelsoni also had reduced numbers of apoptotic hemocytes, while part of the vesicular connective tissue cells were apoptotic. H. nelsoni plasmodia were eliminated via apoptosis in some oysters. Apoptosis may enhance progression and prevent transmission of infectious oyster diseases.
INTRODUCTION
Apoptosis, also called programmed cell death, is a natural part of the animal cell cycle, as well as an important factor in the progression of animal diseases. In a healthy animal, apoptosis usually occurs when a cell is damaged, infected, senescent, or otherwise of little use to the animal. Some pathogens enter a cell and inhibit apoptosis to increase their life span (Cuff & Ruby 1996) . Other pathogens enter a cell and induce apoptosis in order that they might spread their infection to other cells (Fugier-Vivier et al. 1997) . Although the end result of apoptosis is cell death, the mechanism is different from necrosis. Necrosis causes a cell to erupt its contents, triggering an inflammatory response. Apoptosis is a more controlled reaction that does not induce inflammation (Barr & Tomei 1994) .
When a cell undergoes apoptosis, the cell shrinks and rapid blebbing, also called zeiosis, occurs (Sanderson 1982) . The nucleus of the cell then collapses and the chromatin condenses, forming crescent shapes. Chromatin changes are due to endonucleases, which digest DNA in multiples of 180 to 200 base pair (bp) (Arends et al. 1990 ). These fragments can be visualized by agarose gel electrophoresis as the classical 'DNA ladder'. The cell breaks into apoptotic bodies; smaller bodies containing some nuclear and cellular contents and part of the plasma membrane. The apoptotic bodies are often phagocytized before they lyse in an attempt to prevent further spread of infectious agents (Cohen et al. 1992) . Neighboring cells tend to become phagocytic to prevent the loss of important nutrients.
A common method for detecting apoptosis is the TdTmediated dUTP-biotin nick end-labeling, or TUNEL method. This method utilizes an enzyme, terminal deoxynucleotidyl transferase (TdT), to anneal digoxigenin-nucleotides to the exposed ends of apoptotic DNA (Schmitz et al. 1991 , Gavrieli et al. 1992 , labeling the 180 to 200 bp fragment yielded by apoptosis. An anti-digoxigenin peroxidase antibody conjugate then binds to the digoxygenin-nucleotide and is observed after treatment with a chromogenic peroxidase substrate, which creates a distinguishable stain for immunohistochemical detection (Gavrieli et al. 1992) .
Infectious diseases are recognized as a major problem in the culture of the eastern oyster Crasssostrea virginica. Two important diseases, commonly called 'Dermo' and 'MSX' (Multinucleated Sphere X), have caused chronic high mortalities in Mid-Atlantic states (Chesapeake and Delaware Bays) and seriously threaten oyster populations in New England states (Ewart & Ford 1993 ). Dermo was first described by Mackin et al. (1950) as a fungal infection (Dermocystidium marinum) of the eastern oyster, but the causative agent, Perkinsus marinus, is currently classified as an apicomplexan. It is responsible for high oyster mortalities from the Gulf of Mexico to Delaware Bay (Craig et al. 1989) and has been present in Long Island Sound since 1991 (Brousseau et al. 1998 , Karolus et al. 2000 .
MSX disease, caused by the parasite Haplosporidium nelsoni, is another economically important oyster disease. It was first detected in the lower Delaware Bay in 1957 (Haskin et al. 1965 , 1966 , Ford & Haskin 1982 and can now be found along the eastern United States from Biscayne Bay, Florida to Damariscotta River, Maine (Haskin & Andrews 1988) . H. nelsoni caused great mortality of Crasssostrea virginica in the Connecticut and New York shorelines of Long Island Sound in 1985 (Haskin & Andrews 1988) , and again in 1997 (Sunila et al. 1999) .
Although there are numerous publications about these economically important oyster diseases, their pathogenesis is not fully understood. Study of apoptosis rests upon early research on invertebrates. The first gene whose expression is involved in regulating cell death (Ced-3), was described in the nematode Caenorhabditis elegans (Miura et al. 1993) . Apoptosis is a key factor in infectious diseases (Thompson 1995) . In this paper we describe the role of apoptosis in 2 economically important, infectious oyster diseases. This is the first report describing apoptosis of host cells or parasites in the field of molluscan pathology. Ray 1954 ) and the intensity of the infection was determined by weighted prevalence on the Mackin scale from 0 (uninfected) to 5 (heavy) according to Mackin (1962) . Tissues were preserved in Davidson's fixative (in 20 ‰ artificial seawater) and embedded in paraffin. Tissue sections (6 µm) were stained with H&E and examined for the presence of Haplosporidium nelsoni. The severity of H. nelsoni infection was histologically determined to be 1 of 4 stages -an initial infection, an intermediate infection, an advanced infection, or a terminal infection (Farley 1968 Sunila (2000) were excluded from this study. These changes included inflammatory responses, degenerations, cell and tissue death, growth derangements, hemodynamic and fluid derangements and neoplasia. The oysters infected with P. marinus had weighted prevalences ranging from 0.5 to 4.0, and all the oysters infected with H. nelsoni had terminal infections. Ten oysters from each category were selected to undergo in situ hybridization, using Apoptag ® , a peroxidasebased apoptosis detection kit (Intergen Company).
MATERIALS AND METHODS

Since
Tissue sections (6 µm) were placed on silanated slides. The sections were deparaffinized and rehydrated through ethanol before being brought to phosphate buffered saline (PBS). The tissues were then pretreated with Proteinase K (20 µg ml -1 , 15 min, room temperature) and 0.1% (w:v) Triton X-100 in PBS (10 min). They were quenched in 3% hydrogen peroxide in PBS for 5 min, rinsed in water, and treated with equilibration buffer. The tissues were then incubated with TdT and nucleotides (1 h, 37°C). After incubation, the tissues were treated with stop/wash buffer, followed by an anti-digoxigenin peroxidase conjugate (30 min, room temperature). After a wash in PBS, tissues were stained with a peroxidase substrate. Tissues were counter-stained in a 0.5% (w:v) methyl green solution. The specimens were dehydrated and mounted. The positive control was normal female rat mammary gland after weaning of pups, included in the Apoptag ® kit. For one negative reaction control, TdT was substituted with water, while the other negative reaction control consisted of staining rehydrated slides with peroxidase substrate without adding TdT or antibody conjugate to detect possible endogenous peroxidase activity. The number of apoptotic vesicular connective tissue cells was compared between Haplosporidium nelsoniinfected and healthy specimens. It was determined by calculating the total number of apoptotic vesicular connective tissue cells in the entire cross-section of an oyster.
The Mann-Whitney (Wilcoxon) W-test was used for statistical purposes.
RESULTS
In situ hybridization with Apoptag ® produces brown apoptotic cells with light green counterstain. Several different cell types were observed undergoing apoptosis in the oyster tissues: hemocytes, columnar epithelial cells of the stomach and intestine, vesicular connective tissue cells, digestive cells of the digestive tubules, ciliated cells of the digestive ducts, germinal epithelial cells, ciliated gill epithelial cells, and muscle fibers of the adductor muscle and the heart. Perkinsus marinus and Haplosporidium nelsoni plasmodia were apoptotic in some oysters. The numbers and types of apoptotic cells differed between juvenile and mature oysters and between infected and uninfected oysters.
Uninfected oysters
In mature uninfected oysters, the most common apoptotic cell type was hemocyte. Apoptotic indexes of hemocytes varied significantly between uninfected, Perkinsus marinus-infected and Haplosporidium nelsoni-infected oysters (Fig. 1) . Apoptotic indexes in the control specimens varied from 23 to 99 (x = 46.0, SD 16.2). Apoptotic hemocytes were observed in the connective tissue underlying the stomach and intestine epithelia ( Fig. 2A,B ). They were also present in the connective tissue of the mantle and gills. When hemocytes were observed in diapedesis in stomach, intestine or mantle epithelia, they were frequently apoptotic. Part of the epithelial cells of the stomach and intestine were apoptotic in some specimens. Apoptosis typically was observed within a limited area of the epithelium (Fig. 2C,D) . In addition, ciliated gill epithelial cells were observed to be apoptotic in limited areas and some germinal epithelial cells were apoptotic (not shown). The juvenile uninfected oysters had a greater occurrence and variety of apoptotic and mitotic cells than mature oysters. As in the mature oysters, apoptotic hemocytes were present surrounding the stomach and intestine. The gills had apoptotic epithelial cells in limited areas and apoptotic hemocytes in hemolymph sinuses. There were apoptotic muscle fibers among live muscle fibers in the adductor muscles and in the heart, and apoptotic endothelial cells in the vascular system (not shown). Some digestive tubule and duct cells were observed undergoing apoptosis, while some others were undergoing mitosis.
Oysters infected with Perkinsus marinus
There was significantly less apoptosis of granular hemocytes in oysters infected with Perkinsus marinus (W = 21.0, p < 0.001, Fig. 1B) . The hemocyte apoptotic indexes varied from 0 to 79 (x = 9.9, SD 17.4). Apoptosis of any other oyster cell types did not differ from the controls. P. marinus cells were usually detected at the stomach and intestine epithelia. They appeared as single trophonts or schizonts where several daughter cells were within a common schizont wall. There were apoptotic P. marinus cells in all 10 oysters (Fig. 3A,B) . Apoptosis targeted either a single daughter cell of a schizont or all daughter cells simultaneously. Apoptotic P. marinus cells in the intestine and stomach epithelia appeared exclusively within phagocytic hemocytes. Apoptotic P. marinus cells were also seen passing through palp and mantle epithelia. Apoptotic P. marinus cells inside phagocytic hemocytes were also observed in the connective tissue underlying the mantle and the intestine. The ratio of apoptotic P. marinus cells to live P. marinus cells varied between specimens. The P. marinus apoptotic index ranged from 13 to 100 (x = 46.4, SD 25.24).
Oysters infected with Haplosporidium nelsoni
Oysters infected with Haplosporidium nelsoni had a significantly lower number of apoptotic granular hemocytes than the control oysters (W = 26.5, p < 0.001). Apoptotic indexes varied from 0 to 55 (x = 11.0, SD 16.2, Fig. 1C ). Infected oysters selected for this study represented terminal infections, and plasmodia were present throughout the tissues. In 9 of the 10 specimens some of the plasmodia were apoptotic (Fig. 4A) . Apoptotic plasmodia were phagocytized by hemocytes. However, most of the plasmodia were live and the percentage of apoptotic plasmodia generally low. The H. nelsoni apoptotic indexes varied from 0 to 7 (x = 3, SD 2.29). There were more apoptotic vesicular connective tissue cells (VCTC, Fig. 4B ) in the H. nelsoni-infected oysters than in the control oysters (W = 103.5, p < 0.001). In the control oysters, apoptosis of VCTC were found in only one specimen; in the infected oysters there were apoptotic VCTC in all but one specimen. The number of apoptotic VCTC on a section in H. nelsoni-infected specimens varied from 0 to 89 (mean = 18.8, SD 26.6). The number of apoptotic VCTC in control specimens varied from 0 to 2 (x = 0.18, SD 0.6).
DISCUSSION
Apoptotic hemocytes were present in oysters, presumably playing a role in the hemocyte renewal process. Hemocytes in diapedesis were often apoptotic. However, the number of apoptotic hemocytes in the connective tissue underlying the stomach and intestine epithelia was magnitudes higher than the num- ber of apoptotic hemocytes in diapedesis, suggesting that only a small portion of apoptotic hemocytes are expelled from the oyster. Apoptosis of hemocytes in the connective tissue may be the mechanism of recycling old hemocytes. The observation of hemocyte recycling is in accordance with results obtained in mammalian studies where leukocyte apoptosis is a major mechanism controlling leukocyte counts (Barcinski & DosReis 1999) . Some stomach and intestine epithelial cells were also apoptotic (Fig. 2C,D) . Apoptosis of intestine epithelium is well documented in mammals, where the turnover rate of these cells is high (Gavrieli et al. 1992) . In rats, for example, cells proliferate at the lower part of the crypt and migrate up the villus towards the lumen. As the cells move, they differentiate and eventually die via apoptosis (Gavrieli et al. 1992) . In oysters, however, apoptosis of epithelia occurred segment by segment. This phenomenon might keep the stomach and intestine functional while repair is performed in a limited area. Although we could not find published information about the life span of epithelial cells of the oyster intestine, based on the frequent occurrence of apoptosis and mitosis in these cell types, we can presume a fast turnover rate. Oysters infected with Perkinsus marinus or Haplosporidium nelsoni had reduced numbers of apoptotic hemocytes (Fig. 1B,C) . P. marinus cells occurred phagocytosed by hemocytes in the oysters of the present study. It has been reported that as many as half of the parasites may be contained within hemocytes. Some parasites appear to be destroyed within the phagocytes, but others continue to develop within host cells (Ford & Tripp 1996) . Prevention of apoptosis of hemocytes may benefit P. marinus by yielding higher numbers of hemocytes, which it can infect and in which it can proliferate. This scenario has been previously proposed by Moss et al. (1999) , who suggested the parasite Leishmania donovani prolongs the life span of the macrophages it infects by suppressing apoptosis, maintaining for itself a reservoir of cells to infect. Scanlon et al. (1999) suggested that the microsporidia Nosema algerae prevents apoptosis of human lung fibroblasts to create an environment in which it can extend its growth and differentiation time. Williams (1994) proposed that the bacterium Bordetella pertussis suppresses apoptosis of macrophages to multiply for a prolonged period of time. Thus, prevention of hemocyte apoptosis in the oyster by P. marinus may promote disease progression.
The role of hemocyte apoptosis prevention in Haplosporidium nelsoni-infection is ambiguous. H. nelsoni-infected oysters had lower apoptotic indexes among granular hemocytes. Advanced H. nelsoni infections are characterized by systemic hyaline hemocyte infiltration (Farley 1968) . H. nelsoni, unlike Perkinsus marinus, does not receive any obvious benefits from increasing hemocyte counts. However, hemopoiesis in oysters is not known. It is not clear whether granular and hyaline hemocytes represent 2 different ontogenetic stages of a single cell lineage, or different cell lineages (Cheng 1996) . If hyaline hemocytes were 'spent' granular hemocytes, prevention of granular hemocyte apoptosis would eventually manifest as a Apoptotic cells appear as dark staining dots. Scale bar = 100 µm hyaline hemocyte infiltration. If granular and hyaline hemocytes represent different cell lineages, their abundance in H. nelsoni-infected tissues could indicate the oyster's defense with both acute and chronic inflammatory responses, and could be independent of parasite signalling. In histological sections, Perkinsus marinus cells are detected among stomach and intestine epithelial cells (Dungan & Anderson 1993) . According to Ford & Tripp (1996) , this is a source of infection to other oysters because parasites are shed into the gut and released in the feces. In the present study, P. marinus cells in the epithelia were frequently apoptotic (Fig. 3A,B) . Phagocytosed, apoptotic P. marinus cells were excreted by diapedesis. These cells are not infectious, and apoptosis appears to provide a mechanism to prevent transmission of the disease from one oyster to another. Even during moderate to heavy infections (weighted prevalences 3 to 4), P. marinus cells were eliminated via apoptosis.
It has been reported that serious histopathological changes accompany Perkinsus marinus infection (Ford & Tripp 1996) . There is a significant increase in brown cells in the auricles and connective tissues. As the disease progresses, hemocytes, parasites, and digestive epithelia are sloughed into the lumina of the stomach and intestine. Hemolymph vessels become occluded by parasites and hemocytes, and there are occasionally ulcers formed at the mantle surface. Digestive tubule epithelial tissue atrophies and tissues lyse (Ford & Tripp 1996) . While prevalences of P. marinus in Long Island Sound are high (Karolus et al. 2000) , no significant pathology or mortality has been detected (Sunila 2000) . Since no data of apoptosis in P. marinus infection in other geographical locations exist, we cannot conclude whether elimination of P. marinus via apoptosis in the epithelium is a basic part of the parasite's life cycle or a phenomenon restricted to the Long Island Sound area.
Haplosporidium nelsoni plasmodia in some specimens were apoptotic. The number of apoptotic plasmodia found in the tissues was low. The exact transmission mechanism of H. nelsoni is not known. Direct transmission via spores is unlikely because of the rare occurrence of sporulation, and the presence of an intermediate host has been proposed (Haskin & Andrews 1988) . Regardless of the mechanism, apoptotic plasmodia are not able to transmit the disease. It would appear that apoptosis is able to suppress disease transmission of H. nelsoni as well.
There is evidence based on prevalences and field mortality data that oysters develop genetic resistance for Dermo disease. Genetic resistance for MSX disease has been described by Haskin & Ford (1979) and Ford & Haskin (1987) . The exact mechanisms for resistance are not known. Resistant oysters become infected, but they appear to restrict parasite development and have higher survival rates than susceptible strains (Ford 1988) . Apoptosis of the parasites could be the mechanism in disease resistance. Genetic regulation of apoptosis has been thoroughly studied. It is regulated mainly by genes from bcl-2 and interleukin-1β converting enzyme (ICE) gene families (Williams 1994 , Thompson 1995 , Moss et al. 1999 . Apoptosis is normally inhibited by bcl-2 and bcl-XL, but infecting parasites may have mechanisms to disable these genes, allowing apoptosis to occur. ICE is a protein closely related to the ced-3 protein, the protein responsible for apoptosis in Caenorhabditis elegans (Thompson 1995) .
It should be noted that apoptotic Perkinsus marinus parasites in this study were within phagocytes. This is typical for all apoptotic bodies, which are immediately phagocytosed by neighboring cells (Cohen et al. 1992 ). However, it is possible that P. marinus cells undergo apoptosis before they are phagosytosed, or they undergo apoptosis inside the hemocytes. In oysters with progressive MSX disease, it has been reported that oyster hemocytes are unable to phagocytose plasmodia (Ford 1988) . Apoptotic plasmodia in this study were phagocytosed by hemocytes. Apoptosis of plasmodia appears to give them characteristics to make them recognizable by host phagocytic cells.
There was increased apoptosis of vesicular connective tissue cells in the Haplosporidium nelsoni-infected oysters (Fig. 4B) . At the end of MSX-disease, the death of an oyster occurs quickly. Oysters that are marketable with healthy looking meats may die suddenly a week later. The ultimate reason for death is not known, although apoptosis of connective tissue cells may contribute to the final tissue breakdown.
In conclusion, this study suggests that apoptosis may have an important role in the progression and transmission of oyster diseases. Further studies about parasite apoptosis in disease resistant versus susceptible oyster strains, as well as apoptotic in vitro interactions between host cells and cultured oyster parasites, are warranted.
